In typical force spectroscopy experiments, a small biomolecule is attached to a soft polymer linker that is pulled with a relatively large bead or cantilever. At constant force, the total extension stochastically changes between two (or more) values, indicating that the biomolecule undergoes transitions between two (or several) conformational states. In this paper, we consider the influence of the dynamics of the linker and mesoscopic pulling device on the force-dependent rate of the conformational transition extracted from the time dependence of the total extension, and the distribution of rupture forces in force-clamp and force-ramp experiments, respectively. For these different experiments, we derive analytic expressions for the observables that account for the mechanical response and dynamics of the pulling device and linker. Possible artifacts arise when the characteristic times of the pulling device and linker become comparable to, or slower than, the lifetimes of the metastable conformational states, and when the highly anharmonic regime of stretched linkers is probed at high forces. We also revisit the problem of relating force-clamp and force-ramp experiments, and identify a linker and loading ratedependent correction to the rates extracted from the latter. The theory provides a framework for both the design and the quantitative analysis of force spectroscopy experiments by highlighting, and correcting for, factors that complicate their interpretation.
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anisotropic diffusion | free energy surface | pulling device | unfolding rate T he mechanical manipulation of single molecules by laser tweezers or atomic force microscopes has led to remarkable insights into how biomolecules respond to external forces. In conceptually the simplest experiment, a single molecule is connected by a flexible polymer linker to a bead, say a micrometer in diameter, that is trapped in the focus of a laser beam. The position of this beam is adjusted so that the force on the construct is kept constant (see Fig. 1A ). Suppose the molecule of interest can exist in folded and unfolded states, and that the applied force is chosen so that the populations of these states are about equal. Then the total extension hops between short (i.e., folded) and long (i.e., unfolded) values (see Fig. 1B ). From such trajectories, one can extract the folding and unfolding rates. These observables are commonly analyzed using the phenomenological BellEvans model (1, 2), which ignores the possible influence of the "apparatus" that we define here as both the linker and the bead. The same is true of the simplest microscopic descriptions of force-induced transitions, where the dynamics is described as diffusion along the molecular (not total) extension, in the presence of a force-dependent free energy profile (3) (4) (5) (6) (7) . However, such a description would be rigorously valid only when the response of the apparatus is much faster than the fluctuations of the molecular extension. In reality, this is far from being true, and, in principle, the observed transition rates could be artifacts due to the slow response of the pulling device.
The influence of the apparatus has been considered by a number of groups, using a variety of approaches . The conclusions vary from one extreme, where the effect is negligible when the linkers are sufficiently "soft," to the other, where the observed rates have little to do with the dynamics of the molecule of interest. In this paper, we will provide a quantitative answer to the question of how much the measured rates differ from what would be observed if force could be applied directly to the biomolecule (i.e., in the absence of linkers and beads/tips). We denote this rate by k M ("M" for molecule). Specifically, we will derive analytic expressions for the observables in both constant force and constant velocity experiments, within the framework of the simplest microscopic model that captures the essential physics of the problem, namely, anisotropic diffusion on a 2D free energy surface that depends on both the measured and molecular extension (see Fig. 2 ). This model (actually a generalization of it, where the molecular surface was itself 2D) was introduced by two of us (13) , and has been subsequently exploited by others (27, 28) .
The key feature of this model is that the diffusion coefficient along the molecular extension can be much larger than that along the measured extension. As a result, there are now three timescales in play (see Fig. 1A ). The first describes the fluctuations of the molecular extension denoted here by τ M , which is typically on the nanosecond timescale (29, 30) . The second describes the fluctuations of the measured extension, and depends on both the softness of the linker and the diffusion coefficient of the bead. For a bead with a 500-nm radius and a linker force constant of 0.1 pN/nm, τ A ("A" for apparatus) is around 100 μs. Finally, there is the timescale of a conformational change of the molecule, k −1 M , which is generally on the millisecond timescale and slower. Qualitatively, one expects that when k M τ A 1, there are many folding-unfolding events before the total extension changes, and the observed rates have little to do with the intrinsic dynamics of the molecule of interest. However, when k M τ A 1, the total extension explores a significant part of conformational space before a molecular transition occurs. In this case, the number of transitions in the measured trajectory is almost completely determined by k M , even though the observed fluctuations of the total extension in a given state are determined by τ A rather than by τ M . The purpose of this paper is to make the above discussion quantitative for both force-clamp and force-ramp experiments.
Significance
The response of single molecules to applied forces can be probed using atomic force microscopes and laser tweezers. In these experiments, a biomolecule is attached, for example, to a mesoscopic (approximately micron size) bead that is trapped in the focus of a laser, via a long intervening polymer. To interpret such experiments, one must know the extent that the measured data reflect the behavior of the molecule of interest. Here, we develop an analytically tractable theory that can be used to determine the influence of the pulling device (apparatus) on the measured quantities, such as the rates of conformational changes. Our theory allows one to make the appropriate corrections when necessary.
Results and Discussion
Constant Force Experiments. The simplest free energy surface that describes the force-clamp experiment is Gðx, qÞ = G o ðxÞ + V ðq − xÞ − Fq, [1] where q and x are the measured and molecular extensions, respectively, G o ðxÞ is the free energy of the molecule, V ðlÞ is the free energy of the linker with the end-to-end distance l, and F is the applied force. Such a free energy surface is shown in Fig. 2 for a force chosen so that the population of the folded and unfolded states are equal (F 1=2 ). For the sake of simplicity, we have chosen the curvatures of the two states to be equal, even though one expects the folded state to be stiffer (24, 31 (29, 30) . When the response of the apparatus is so slow that many conformational transitions occur before the measured extension q changes (technically in the D q =D x → 0 limit), the 2D problem reduces to the diffusion on the potential of mean force (PMF) along q, G A ðqÞ, with diffusion coefficient D q . This PMF is given, within a constant, by e −βGAðqÞ = Z e −βGðx, qÞ dx = e βFq Z e −βðGoðxÞ+V ðq−xÞÞ dx, [2] with the inverse temperature β = 1=k B T. Experimentally, G A ðqÞ can be found by binning the observed trajectory to get the probability distribution of q, and then taking the logarithm of this distribution. Applying this procedure to the trajectory in Fig.  1B , one obtains the blue curve in Fig. 2 . The corresponding rate, denoted by k A , can be obtained from 1D Kramers theory (32) using G A ðqÞ and D q . This rate is an artifact in the sense that it has nearly nothing to do with the conformational dynamics of the molecule. In the opposite limit, when D q =D x → ∞, the problem reduces to diffusion on the PMF along the molecular extension, x, with diffusion constant D x . This PMF, G M ðxÞ, within a constant, is given by
The corresponding rate is k M . G M ðxÞ (see black curve in Fig. 2 ) cannot be directly obtained experimentally. However, if one can measure the elastic properties of the linker, and thereby find the function V ðq − xÞ, then one can estimate G M ðxÞ by "deconvolving" or "inverting" the transform given in Eq. 2 (26, 33) . Interestingly, for a harmonic linker, this problem is the same as finding G A ðqÞ in a constant pulling velocity experiment from the free energy along the trap separation obtained using Jarzynski's identity (13) .
We are now faced with the dilemma that the measured rate, denoted here by k MA (molecule plus apparatus), can be rigorously equal to k M only when the diffusion along the measured extension q is much faster than that along the "hidden" molecular extension and along x [G M ðxÞ] are shown as blue and black curves, respectively. The diffusion is anisotropic, D x D q , because the latter is essentially the diffusion coefficient of the bead or the tip of an atomic force microscope; k MA is the measured rate (here forward and reverse rates are equal); k M is the molecular rate that one wishes to find; and k A is the rate in the hypothetical case where the system diffuses on the PMF along q with D q .
x, i.e., D q D x . Because, in practice, just the opposite is true, D q D x , one might even think that k MA is actually closer to k A , in which case the measured rate would be an artifact. On the other hand, there is the view (see, e.g., refs. 3 and 8) that when the linker is sufficiently soft, then k MA ≈ k M . To resolve this problem, we use Langer theory (34), which is the multidimensional generalization of Kramers theory, to calculate the rate as a function of D x and D q . The Langer ("L") rate, is given by
where G ∪ ″ and G ∩ ″ are the matrices of second derivatives of the potential surface evaluated at the minimum from which the molecule escapes under force (denoted by ∪), and at the saddle point (denoted by ∩). ΔG ‡ L is the activation barrier, and λ is the positive root of detðλI + DG ∩ ″Þ = 0, where I is the unit matrix and D is the matrix of diffusion coefficients (which is here diagonal). The resulting analytic expression for the free energy surface at constant force (Eq. 1) is given in Eq. 16. For our purposes, it is sufficient to know that when D x is at least 10 times faster than D q , and the molecule is stiffer than the linker, then k L approaches a constant given by
for V ″ðq ∪ − x ∪ Þ < jG o ″ðx ∩ Þj, where the minima (x ∪ , q ∪ ) and the maxima (x ∩ , q ∩ ) are solutions of G′ðxÞ = V ′ðq − xÞ = F, and hence depend on force. This result was recently obtained by Makarov (28) . The force constant of a, possibly anharmonic, linker is V ″ðq ∪ − x ∪ Þ, and G o ″ðx ∩ Þ is the (negative) curvature at the barrier top of the molecular free energy profile. For soft linkers, the correction factor is small, and k MA ≈ k M . However, if an anharmonic linker is stretched to near its contour length when unfolding occurs, this correction can become significant. Thus, there are advantages to being in the Hookean regime where the linker force constant V ″ does not increase with force. This analysis seems to suggest that the measured rate k MA should essentially be the same as the molecular rate k M no matter how slow the instrument responds. However, this cannot be true because, as discussed above, when D q is sufficiently small, the system diffuses along G A ðqÞ, giving rise to the rate k A . The reason for this discrepancy is that Langer theory does not always work when the diffusion is sufficiently anisotropic, as was shown by Berezhkovskii and Zitserman (35) . The relevance of this result to single-molecule force spectroscopy was first pointed out in ref. 13 . Recently, for equally populated states, Berezhkovskii et al. (36) proposed the following approximate expression for the measured rate:
which is applicable for all values of D x and D q . Here, k L is the Langer rate from Eq. 4, which depends on both D x and D q , and k A is the rate corresponding to the PMF along q (blue curve in Fig. 2) , and is proportional to D q . When D x > D q , it follows that the measured rate k MA is
where k M is the desired molecular rate for the PMF along the molecular extension (black curve in Fig. 2 ), which is proportional to D x , and k A is the rate in the limiting case that the system
These results provide a practical way of determining whether the rate extracted from the measured trajectory along the total extension, q, is close to the molecular rate and, hence, not an artifact. To do this, one must estimate k A . If one knew D q , k A could be obtained by applying Kramers theory to G A ðqÞ, which is the negative logarithm of the probability distribution of the total extension, and hence can be determined experimentally. The diffusion coefficient D q , accounting for both apparatus and linker, can be estimated from the timescale of fluctuations of q in a single conformational state (either in the folded or unfolded well). This can be found by first calculating the autocorrelation function hδqðtÞδqð0Þi W where δq = q − hqi W ; the subscript "W" indicates that one uses only those parts of the trajectory in which the system continuously resides in one of the wells. One then fits this autocorrelation function to a single exponential to get the relaxation time τ A . Finally, D q is given by the expression D q = hδq 2 i W =τ A . If k A , calculated in this way, is much larger than the measured rate k MA , then k MA is meaningful (is not an artifact of the apparatus).
In this regime, where k A k MA , the system cannot be described as diffusion on the PMF along the measured extension q. Thus, one cannot estimate a molecular diffusion constant by equating the Kramers rate corresponding to G A ðqÞ to the measured rate. A better picture (13) is that the system rarely but essentially instantaneously hops (with rates governed by diffusion along x at fixed q) between two linker free energy profiles corresponding to the folded (f) and unfolded (u) states of the molecule. These profiles as a function of q are approximately given by V ðq − x f Þ and V ðq − x u Þ, where x f and x u are the average molecular extensions in the folded and unfolded states, respectively (13) . The dynamics along each surface is governed by D q , but the hopping rate between states is proportional to D x . In this regime, because hopping is essentially instantaneous, the transition paths seen in a trajectory along q are determined by the relaxation of the system after a hop occurs, and their duration is governed by D q .
If k A turns out to be similar to k MA , then, in principle, one could use Eq. 7 to estimate k M . V ″ can be obtained from the equilibrium fluctuations of q in the state from which the transition occurs [i.e., V ″ = 1=ðβhδq 2 i W Þ]. G ″ o ðx ∩ Þ can be found from the curvature at the barrier of the deconvoluted PMF along the molecular extension x. However, when D q is so small that several conformational transitions occur before the bead responds, then the measured G A ðqÞ contains very limited information about the shape of the PMF along x. This has been previously discussed (26) in the context of deconvoluting the results of molecular simulations of a leucine zipper.
We now illustrate and validate the above theoretical considerations by using results from Brownian dynamics simulations of anisotropic diffusion on a 2D surface. The details are given in Materials and Methods. The 2D free energy surface is shown in Fig.  2 for the force F 1=2 . A simulated trajectory along the measured extension q is shown in Fig. 1B . The barrier height of the 2D surface is 16 k B T, which is the same as the barrier height of the PMF along x, G M ðxÞ. The barrier height of the PMF along q, G A ðqÞ, is much lower, ∼ 3 k B T (see blue curve in Fig. 2 ). For illustrative purposes, the ratio of the linker and the molecular force constants was conservatively taken as V ″ðq ∪ − x ∪ Þ=jG o ″ðx ∩ Þj = 1=8, which corresponds to only a moderately soft linker. In Fig. 3 , the ratio of the simulated unfolding rate, k MA , normalized by the molecular rate, k M , as a function of D x =D q , is compared with the prediction of Langer theory (Eq. 16) and the analytical expression from Eq. 6, calculating k A using the mean first-passage time as in ref. 36 . It can be seen that Eq. 5 is valid for a wide range of D x =D q , as found by Berezhkovskii et al. (36) for lower activation energies. The size of the plateau, where the rate is essentially independent of D x =D q , increases with the barrier height and, thus, shortens when the force is greater than F 1=2 (see Fig. S1 ). This means that the faster the k M , the more one has to pay attention to the artifacts due to the slowly responding apparatus.
Thus, when the ratio of the linker and molecular force constants is small, the observed rate is essentially the same as the molecular rate, as long as D q is not so small that the rate falls below the plateau region predicted by Langer theory. In this regime, as done by Woodside and coworkers (33, 37) , it is valid to determine the molecular diffusion coefficient D x by equating the observed rate with the Kramers rate on the deconvolved free energy profile, G M ðxÞ. This procedure is very sensitive to how accurately the molecular barrier height can be estimated. On the other hand, it is never valid to determine the apparent diffusion coefficient by equating the observed rate to Kramers rate obtained using the PMF along the measured extension q, G A ðqÞ.
An alternative way of estimating the molecular diffusion coefficient, D x , is from the average transition path time (27, 38) . In Fig. 3 , Inset, typical transition paths along q are compared with a true, but experimentally inaccessible, transition path along x. When D q is faster than, or close to, D x , the measured, and molecular, transition paths are also similar. However, even for D x =D q = 10, there is a noticeable difference (see also Fig. S2 for D x =D q = 100). For larger D x =D q (but not so large as to leave the plateau region predicted from Langer theory), the transition path time depends on D q (see Fig. S3 ), and is thus an artifact of the slow apparatus, even though the observed rate is essentially the same as the molecular one.
Constant Velocity/Trap Separation Experiments. We now consider two kinds of experiments on constructs containing a single molecule where the measured force fluctuates. The first kind generates a "hopping" trajectory qualitatively similar to Fig. 1B , but now it is the position of the laser trap that is held constant (39) . The corresponding rate, which we will denote by k V ("V" for velocity), is not necessarily equal to that in a constant force experiment, because it can depend on the bead/trap force constant, which we will denote here as κ s ("S" for spring). In the second experiment, the laser trap is moved with a constant velocity until the molecule irreversibly "ruptures," and the force at which this occurs is binned. The resulting rupture force distribution, pðFÞ, can be directly analyzed using the expression
FðFÞ, where _ F is the forcedependent loading rate. From pðFÞ, one can determine k V through a simple transformation (5, 12) . It has been argued (5, 12) that if the linkers are soft enough, the rate that described this experiment, k V , is the same as that obtained from a constant force experiment, k MA . Here, we shall make this more precise.
The simplest free energy surface appropriate for these two experiments is Gðx, qÞ = G o ðxÞ + V ðq − xÞ + 1 2 κ s ðz − qÞ 2 , [8] where the laser trap separation z is held fixed in the trap experiment and moved at constant velocity v in the ramp experiment with z = vt for a suitably chosen initial time t 0 ; κ s is the bead trap spring constant. Our goal is to calculate k V and _ F. One cannot assume, as two of us once did (3) , that the system diffuses on the free energy G o ðxÞ + ð1=2Þκ eff ðz − xÞ 2 with diffusion coefficient D x , where κ eff is an effective spring constant obtained by integrating out q, unless D q D x .
In these experiments, the instantaneous force F = κ s z − κ s q fluctuates because q fluctuates. Thus, care must be taken in defining the rupture force in a force-ramp experiment where z moves with a constant velocity. The rupture force is commonly found from the extrapolated average force at rupture. To closely reflect the way the force is obtained experimentally, we define the rupture force as
where t p is the instant when a transition occurs, and q ∪ is the value of the total extension at the free energy minimum just before time t p . This is the average force at mechanical equilibrium about which the instantaneous force fluctuates. Specifically, q ∪ is a solution of
at t = t p and x ∪ for which G o ″ðx ∪ Þ > 0. The minima (x ∪ , q ∪ ) and the maxima (x ∩ , q ∩ ) are deterministic functions of time. By differentiating Eqs. 9 and 10 with respect to time, it can be shown that the force loading rate is _ F = κ ∪ e v, where the effective spring constant is given by
corresponding to three harmonic springs in series. When q ∪ x ∪ and G o ″ðx ∪ Þ is large, this equation reduces to that used in ref. 12 for a worm-like chain.
To find k V , we assume that we are in a diffusion anisotropy regime where Langer theory is still valid. The only real difficulty in using this theory, in the constant velocity case, is that the maxima are not the same as those in a constant force experiment. However, by expanding about the constant force values to second order, it is shown in Materials and Methods that
where k MA is the rate for constant force, κ x ‡ = x ∩ − x ∪ is the force-dependent distance to the molecular transition state. The correction term reduces the rate in an experiment where the trap is fixed or moves with a constant velocity.
If the molecular curvatures are large, then κ ∪ e = κ ∩ e and Eq. 12 can be rewritten in terms of the loading rate as
[13]
Eqs. 12 and 13 are key results of this paper that quantify the difference in the apparent force-dependent rates in constant force (k MA ) and constant velocity (k V ) experiments. The harmonic coupling to the apparatus in a constant velocity experiment creates an additional activation free energy and a lower apparent rate, k V < k MA , compared to a constant force experiment with its linear coupling through the −Fq term. Because the transition state distance entering in Eqs. 12 and 13 is on the scale of nanometers, one expects this activation free energy to be less than k B T for soft linkers, and hence, the two rate constants are typically very similar. However, at high ramp speeds, the linker can be stretched to nearly its contour length, thus stiffened, before rupture occurs. The correction is significant for stiff molecular constructs with large _ F=v and large transition state distances x ‡ .
Concluding Remarks
In this paper, we have quantitatively shown how the measured rates are influenced by the ever-present linkers and the relatively slow dynamics of a bead or a cantilever in a single-molecule pulling device. For an experiment at constant force, the molecular (k M ) and measured (k MA ) rates are related by Eq. 7. For soft linkers and slow conformational changes, the difference in the two rates is negligible. However, for "fast-folding" proteins or when an anharmonic (e.g., worm-like chain) linker is fully extended, substantial deviations may arise. In constant force experiments on polyprotein constructs, in addition to the familiar statistical factors, the rates also increase with the number of unfolded units, because the linkers become softer. This effect would cause nonexponentiality in the aggregated lifetime distribution obtained by lumping together times from different modules. In Eq. 12, we have also established the relationship between the force-dependent rate k V that determines the rupture force histogram in a force-ramp experiment and the rate k MA obtained directly from the lifetime in a constant-force experiment. The two rates differ by the Boltzmann factor of an additional activation free energy. This correction is very small except for stiff pulling device/linker combinations, where the ratio of the loading rate and the pulling velocity is high, and for large distances x ‡ to the transition state.
In this paper, we have made the simplifying assumption that the molecular free energy, along the extension, has a barrier. When this is not the case, the molecular free energy surface for a system with metastable states must itself be multidimensional (11, 12, 19, 40) . As long as this surface has two basins, our analysis can be readily extended, leading to essentially the same conclusions. Finally, it should be emphasized that the molecular rates considered here are those that would be observed in the hypothetical case where forces could be directly applied to the molecule (i.e., without linker and pulling device). The problem of whether such rates, when extrapolated to zero force, agree with the rates obtained, say, in bulk denaturation experiments, is beyond the scope of this paper.
Materials and Methods
Kramers and Langer Theory. For a 1D metastable free energy profile G M ðxÞ = G o ðxÞ − Fx, the Kramers barrier-crossing rate is
where β = 1=k B T, and the force-dependent minimum (x ∪ ) and maximum (x ∩ ) are solutions of
force-dependent distance to the transition state, i.e., the distance between the maximum and the minimum. Langer theory is the multidimensional generalization of Kramers theory. For a free energy surface with a saddle-shaped barrier and diffusive dynamics, the Langer rate is given in Eq. 4. In one dimension, λ = D x jG o ″ðx ∩ Þj and Eq. 4 reduces to Eq. 14.
Constant Force Experiments. Let us now use Langer theory to calculate the rate corresponding to the 2D free energy surface given in Eq. 1. The minima (x ∪ , q ∪ ) and the maxima (x ∩ , q ∩ ) are solutions of
V′ðq − xÞ − F = 0.
[15b]
Combining these equations, one sees that G o ′ðxÞ = F, so the molecular extrema (x ∪ , x ∩ ) are the same as those that entered into Eq. 14. If we assume that V′ðlÞ is a strictly monotonic function of l, as expected for a polymer linker, it follows from Eq. 15b that V′ðq ∪ − x ∪ Þ = V′ðq ∩ − x ∩ Þ. From this, one can see that q ∪ − x ∪ = q ∩ − x ∩ , and hence Vðq ∪ − x ∪ Þ = Vðq ∩ − x ∩ Þ. Using these relations, it is easy to show that the Langer activation free energy
M , which enters in Eq. 14. Calculating the Hessians and then solving for λ, one can relate k L from Langer theory to the molecular rate k M ,
with σ = D q =D x and γ = V″ðq ∪ − x ∪ Þ= G″ðx ∩ Þ . It can be shown that when
− γÞ for γ < 1 (which is the condition for the linker to be soft, V″ðq ∪ − x ∪ Þ < G″ðx ∩ Þ ), and we recover Eq. 5, which breaks down if the diffusion is sufficiently anisotropic (35) . Constant Velocity/Trap Separation Experiments. Let us now calculate the rate for the 2D surface given in Eq. 8. using Langer's formula from Eq. 4. The extrema are solutions of Eq. 10. Now, because we defined the rupture force F in terms of q ∪ (Eq. 9), it follows from Eqs. 10 and 15 that the minima for the forceramp free energy surface are identical to those in the constant force case (q ∪ and x ∪ ). Unfortunately, this is not the case for the maxima, which we will denote as q ∩ and x ∩ . Now, the force in Eq. 9 can be rewritten as
Using this, Eq. 10 at the maxima can be written as
Let us assume that the maxima at constant velocity are close to those at constant force, x ∩ = x ∩ + e and q ∩ = q ∩ + δ, and expand G o ′ðx ∩ Þ and V′ðq ∩ − x ∩ Þ in a Taylor series in e and δ to first order. Then, using Eq. 15 at x ∩ and q ∩ , we find
ðδ − eÞV″ðq ∩ − x ∩ Þ + δκ s = −κ s x ‡ .
[18b]
These linear equations can be solved for e and δ, which will then be used to relate the activation barrier to the molecular one. Here, the free energy of activation is ΔG ‡
, where we used the fact that the free energy minima at constant force and constant velocity are the same. Substituting x ∩ = x ∩ + e and q ∩ = q ∩ + δ into ΔG ‡ V , and expanding to second order in δ and δ − e [e.g.,
we find after quite a bit of algebra that
which turns out to be remarkably simple. Here, κ ∩ e is given by Eq. 11, with G o ″ðx ∪ Þ replaced by G o ″ðx ∩ Þ. Now, we calculate the Hessian matrices, G ∪ ″ and G ∩ ″, to zeroth order in e and δ. Finally, we evaluate the determinants, and solve for λ when D q = 0. Using these results in Langer's formula given in Eq. 4, we recover Eq. 12.
Free Energy Surface. Eq. 1 describes the 2D free energy surface for forceclamp experiments. Fig. 2 shows an example of this surface, Gðx, qÞ, where a constant force F 1=2 is applied to make the populations of the folded and unfolded states equal. In this case, the molecular free energy surface is chosen to be the bistable matched-harmonic (as in ref. 36 ) with G o ðxÞ − F 1=2 x = ΔG ‡ f ðx=x ‡ Þ, where f ðxÞ = −2x 2 for 0 ≤ jxj ≤ 1=2 and f ðxÞ = 2ðjxj − 1Þ 2 − 1 for 1=2 < jxj. ΔG ‡ and x ‡ are the activation barrier and the distance to the transition state at F 1=2 , respectively. The molecule is coupled to the apparatus through a harmonic linker free energy surface Vðq − xÞ = κ l ðq − xÞ 2 =2 where κ l is the linker force constant. For illustrative purposes, the ratio of the linker and the molecular force constants was taken as κ l =jG o ″ðx ∩ Þj = 1=8, which, in most cases, is unrealistically high.
Brownian Dynamics Simulations. We performed anisotropic Brownian dynamics simulations, using displacements Δq = −ΔtD q β ∂Gðx, qÞ ∂q + À 2D q Δt Á 1=2 R q ðtÞ, Δx = −ΔtD x β ∂Gðx, qÞ ∂x + ð2D x ΔtÞ 1=2 R x ðtÞ, [20] of molecular and total extensions x and q, respectively. D x and D q are the diffusion coefficients, R q ðtÞ and R x ðtÞ are independent Gaussian distributed random forces with zero mean and unit variance, Gðx, qÞ is the free energy surface, and Δt is the time step. The diffusion coefficient of the molecule is kept constant, and that of the apparatus D q is varied so that D x =D q ranges from 10 −1 to 10 6 . The time step was D x Δt = 5 × 10 −4 . Fig. 1B shows an example of the measured extension as a function of time when D x =D q = 100. The rupture rate is calculated as the inverse of the mean residence time in the folded basin, with at least 3,000 rupture events for each D x =D q .
